Abstract. A study to assess the effects of the Partial Rootzone Drying (PRD) irrigation strategy in comparison to other irrigation systems was carried out in southern Portugal in two field-grown grapevines varieties, Moscatel and Castelão. We addressed the question of whether by regulating growth and plant water use, the PRD system would enable an equilibrated vegetative development, leading to a favourable capture of solar radiation for photoassimilate production and, at the same time to provide an optimum environment for fruit maturation. Three irrigation schemes were applied in addition to the non-irrigated (NI) vines: partial root drying (PRD), 50% of crop evapotranspiration (ETc), supplied to only one side of the root system while the other one was allowed to dry, alternating sides every 15 days; deficit irrigated (DI), 50% ETc supplied, half to each side of the root system and full irrigated (FI, 100% ETc). During the whole season FI plants of both varieties exhibited a high leaf predawn water potential (ψ pd , ca -0.2 MPa) while a progressive decline was observed in NI plants, reaching ψ pd values near -0.7 MPa at the end of August. PRD and DI presented intermediate values. PRD vines exhibited a stronger control over vegetative growth as compared with DI and FI plants. This was expressed by lower values of total leaf area at harvest, leaf layer number, canopy wideness and water shoots number, allowing a higher light interception at the cluster zone that induced an improvement in some berry quality characteristics. Watering had no significant effects on sugar accumulation in the berries but led to a favourable increase in the must titratable acidity, mainly in Castelão. Whereas in DI and FI treatments berry skin anthocyanins and phenols content were always lower than in NI, in PRD there was either no reduction or the reduction was much lower than in the other irrigation treatments. Water use efficiency (WUE) was increased by about 80% in PRD and DI when compared with FI, as a result of almost similar yields in the three treatments. Yield gains of irrigated plants in relation to NI were modest, explained by the rainy spring in both years.
Introduction
Irrigation of commercial vineyards is becoming widespread to secure and stabilise production. In regions with a Mediterranean type of climate, unfavourable patterns of precipitation occur frequently and may lead to periods of marked plant water deficits in vines growing without irrigation. These water stress periods may reduce yield and compromise berry quality. These effects, depending on the time of occurrence and intensity of drought period, are mainly produced by a shortening of shoot elongation ), a decreased carbon assimilation (Chaves and Rodrigues 1987; Schultz 1996) , poor reproductive development (Matthews and Anderson 1989) , with decreased berry growth (Ojeda et al. 2001) and an accentuated leaf senescence and abscission, contributing to fruit sunburn (Kliewer et al. 1983; Smart and Robinson 1991) .
Vegetative growth has a higher sensitivity to water deficits than gas exchange and fruit growth. The inhibition of leaf growth is often the earliest response to moderate water stress (Shackel et al. 1987; Lu and Neumann 1998) . It is well known that in plants in drying soil, shoot growth can be limited as a result of hydraulic insufficiency, i.e. decreased shoot water status, and of chemical signalling, involving transfer of chemical information from root to the shoots via the xylem (Davies et al. 1994) . There is evidence suggesting that shoot growth can decline due to root-toshoot signalling mechanisms even in the absence of an unaltered tissue water condition (Davies and Zhang 1991; Dodd et al. 1996; Bacon et al. 1998) . In grapevine, Shackel et al. (1987) showed that leaf expansion was not strongly dependent on cell turgor within a range of plant water deficits, suggesting the importance of metabolic growth regulation in controlling wall loosening and mechanical cell wall properties.
Irrigation improves leaf physiological activity and plant growth rate. Nevertheless, excessive water supply can lead to a high canopy density, which may negatively affect fruit quality, due to competition for assimilates between growing shoots and berries and influence on fruit microclimate, namely reducing light penetration in the cluster zone. Dense canopies can also negatively affect sugar, anthocyanins and total phenols contents, since their accumulation is strongly dependent on light availability during ripening (Crippen and Morrison 1986; Dokoozlian and Kliewer 1996; Keller and Hrazdina 1998) . Moreover, very dense canopies provide poor air circulation and enhance the incidence of major grapevine diseases (Smart 1994) , which affect yield and quality.
Vegetative growth can be managed through the regulated deficit irrigation (RDI), where watering input is either reduced or withheld for specified periods of time (Chalmers et al. 1986; McCarthy 1997; Battilani 2000) . Meanwhile, a new irrigation technique called Partial Root Drying (PRD) has been developed, allowing control of plant growth and transpiration, without the unsuitable severe water stress periods that can occur in RDI (Dry et al. 1996; During et al. 1997 . The PRD technique is based on direct sensing of soil moisture status by roots and it requires that the root-zone to be simultaneously exposed to both wet (half of the root system) and drying soil (the other root half). In this way, roots of the watered side maintain the plant water status, while dehydrating roots send chemical signals to the shoots via the xylem. These signals will hypothetically control the vegetative vigour and stomatal conductance. In this work we addressed the question of whether PRD would combine the favourable conditions for carbon assimilation obtained with irrigation with the improved microenvironment for fruit maturation that occur when moderate water stress inhibits vegetative growth. PRD was thus compared with rain fed vines (NI), the traditional irrigation treatments of fully irrigated plots, FI (minimum water deficit) and the treatment receiving the same amount of water as PRD but distributed to both sides of the root system (DI). We also aimed to compare PRD effects on two contrasting varieties, as far as yield and type of grape (white/red) is concerned, the cvv. Moscatel and Castelão.
The measurements made comprised plant water relations, vine growth, canopy density, yield and fruit composition of the two grapevine varieties growing under field conditions.
Materials and methods

Field conditions and plant material
This research was conducted during two seasons (2000 and 2001) in a commercial vineyard at the Centro Experimental de Pegões, southern Portugal (70 km south of Lisbon). The climate is of the Mediterranean type, with hot and dry summers and mild winters, having an average annual rainfall of 550 mm, with 400 mm falling during the winter months. The soil is derived from podzols, mostly sandy and with a clay rich (low permeability) horizon at ca 1 m depth. The two varieties of Vitis vinifera L. studied were Moscatel (syn. Muscat of Alexandria), a white variety used for wine and table grapes and Castelão, a red wine variety, both grafted on 1103 Paulsen rootstock in 1997 and 1996 respectively. The vines were trained on a bilateral Royat Cordon system using a vertical shoot positioning with a pair of movable wires and spur pruned. The mean node number retained at pruning was 10 and 12 for Moscatel and 14 and 16 for Castelão in 2000 and 2001, respectively. Standard cultural practices in the region were applied to all treatments. Four foliar fertilisation treatments were made in both years (between June and August) for both varieties, corresponding to a total of 2.6 kg N and 9.2 kg of K (K 2 O) ha -1 year -1 . Shoots were trimmed at about 30 cm above the higher fixed wire, two to three times between bloom and veraison. The vineyard has a planting density of 4000 vines per hectare with vines spaced 1.0 m within and 2.5 m between rows.
Irrigation and experimental design
Irrigation was applied with drip emitters, two per vine, independently controlled and positioned 30 cm from the vine trunk, out to both sides of the row. Watering was applied according to the crop evapotranspiration (ETc), estimated from the potential evapotranspiration (ETo), which was calculated from the Class A pan evaporation and using the crop coefficients (K c ) proposed by Prichard (1992) . Each irrigated treatment was equipped with a time clock valve assembly to control water delivery. Four treatments were imposed: non-irrigated but rain-fed (NI); partial root drying (PRD, 50% of ETc supplied to only one side of the root system with 4 L h -1 drip emitters with the other one allowed to dry, alternating sides every 15 days); deficit irrigated (DI, 50% of the ETc supplied simultaneously to both sides of the row with 2 L h -1 drip emitters) or full irrigated (FI, 100% of the ETc supplied simultaneously to both sides of the root system with 4 L h -1 drip emitters). Watering was done twice a week, from fruit set (mid-June) until one week before harvest (end of August). The total water amount supplied to FI plants between mid-June and the end of August was 144 mm (360 L per vine) and 168 mm (420 L per vine) for 2000 and 2001 respectively. The PRD and the DI vines received half of that quantity.
The experimental design was a latin square with four treatments and four replications per treatment. Each replicate (plot) had 15-20 vines.
Plant water relations and growth measurements
Pre-dawn leaf water potential (ψ pd ) was measured weekly from the beginning of berry development until harvest, i.e. from the end of June to the second week of September. Measurements were carried out on one adult leaf of six replicate plants from each treatment using a Scholander pressure chamber (Model 1000; PMS Instrument Co., Corvallis, OR, USA). Leaves were enclosed in a plastic bag, immediately severed at the petiole and sealed into the humidified chamber for determination of the balancing pressure.
Leaf area from the main shoot and lateral shoot (arising from prompt buds on the main shoot) were estimated periodically in count shoots from bud break onwards. The area of single leaves was estimated using a model based on the measurements of the length of the two main lateral leaf veins (Carbonneau 1976) . The model was calibrated by measuring vein length and leaf area on randomly selected leaves of all sizes, using a leaf area meter (LI-3000; LI-COR Lincoln, NE, USA). Leaf area per shoot (8 shoots per treatment) was assessed in a non-destructive way, by a model with four variables: shoot length, leaf number and area of the largest and the smallest leaf (Lopes and Pinto 2000) . Leaf area per plant was estimated by multiplying the average shoot leaf area by the average shoot number.
Canopy density was assessed using point quadrat analysis (Smart and Robinson 1991) , by inserting a needle at regular intervals into the fruit zone. Eighty insertions per treatment (twenty per plot) were made and leaf layer number, percentage of exposed clusters and interior leaves were calculated. Light at the cluster zone was measured in sunny days at midday using a Sunflek ceptometer (model SF-40, Delta T Devices Ltd, Cambridge, UK). The values of incident photosynthetic photon flux density (PPFD) were expressed in percentage of a reference PPFD, measured over the canopy top. At winter pruning, shoot number and weight were also taken to determine the shoot weight. Water use efficiency (WUE) was estimated as the ratio between yield and the amount of supplied water.
Yield and fruit quality
Berry ripening was followed periodically, from veraison (around end of July) until harvest (beginning of September). Sampling was done according to Carbonneau (1991) , by using a 200 berries sample per plot, collected in all vines of the same treatment (3-4 berries per cluster). The berries collected represented all positions within the clusters. Subsamples from the 200 berries sample were used for analysis of pH, soluble solids (ºBrix) by refractometry and titratable acidity by titration with NaOH. Total phenols were determined by spectrophotometry, measuring UV absorption at 280 nm (Ribéreau-Gayon et al. 1972) . Anthocyanins were measured by the sodium bisulphite discoloration method (Ribéreau-Gayon and Stonestreet 1965) .
At the end of each season (11 of September in 2000 and on 13 of September in 2001) yield components and fruit quality were assessed, following manual harvesting and weighing the production on-site. Yield per vine and clusters per vine were recorded for all vines from each plot. Fruit composition was analysed as previously described.
Data analysis
Statistical data analysis was performed by analysis of variance (ANOVA). Tukey's HSD tests were carried out to test the significance of differences between treatment means using the STATISTICA software (ver. 5.0, Statsoft Inc., Tulsa, OK, USA). Figure 1 shows that 2000 and 2001 had a higher rainfall during the Spring months (March-May) than the 30-year average. However, air temperature followed the average pattern in both years. Figure 2 shows that during the two growing seasons, FI plants of both varieties always exhibited a high and almost constant ψ pd (> -0.2 MPa), while a progressive decline was observed in NI plants, which attained mean values between -0.6 MPa and -0. 
Results
Climate and plant water relations
Vegetative growth and canopy density
As the node number retained at pruning was the same for all treatments, no differences in the count shoot number per vine were observed (Table 1) . However, the average individual shoot weight measured at winter pruning (Table 1) was, in general, lower in PRD and NI than in FI and DI. Similar differences were observed in the number of water shoots (developed on the old woody stem) measured in 2001, with the PRD values lower than those of the other irrigated treatments and similar to those of NI vines (Table 1) . As for the pruning weight per vine (i.e. shoot biomass collected at pruning), FI vines had the highest values, which were significantly different from the NI vines (Table 1) . In Castelão, DI and FI showed no significant differences in the pruning weight, whereas the pruning weight of PRD vines was significantly lower than that of FI. Pruning weight was different between the two varieties, with Castelão having the highest values.
The total leaf area in both varieties had significantly higher values (P<0.05) in FI than in NI vines or in the other irrigated treatments at veraison (Fig. 3) . Between veraison and harvest, while FI vines presented an increase in total leaf area, NI vines showed a decrease due to basal leaf senescence. At harvest, PRD plants showed a total leaf area The canopy wideness at the fruit zone was measured at veraison, mid-ripening and harvest in Castelão variety (Fig. 4) . In both years the pattern was similar, with NI plants having the narrowest canopy and DI and FI the widest. PRD showed intermediate canopy wideness, with no significant differences from NI in the second year of the experiment.
Leaf layer number (LLN) was lower in NI and PRD as compared with DI and FI treatments (Fig. 5) . One exception occurred in 2000 in Moscatel, where the LLN value was significantly higher in PRD than in NI. As a consequence of the low LLN, NI and PRD vines showed in both seasons at veraison a higher percentage of sun-exposed clusters than the other irrigated treatments FI and DI (Fig. 6) . In fact, for Moscatel, the light measured at the cluster zone was 62% higher in PRD and 27% higher in DI plants in comparison to FI vines, whereas in Castelão, which had a wider canopy, this increase was 37% and 14% for PRD and DI vines, respectively.
Yield components and fruit composition
The FI treatment induced a significant yield increase when compared with NI in Moscatel (Table 1) Nevertheless, the effects of water treatments on yield were quite similar in 2001 to those of Moscatel, although no significant differences were observed in 2000. The yield differences among treatments were mainly due to the cluster weight since the cluster number was independent of the treatment, because it was set prior to the start of irrigation.
The yield/pruning weight ratio was much lower in Castelão (1.3-3.8) than in Moscatel (13.8-18.0). As the yield was similar in the different irrigation treatments in both years and varieties, WUE in PRD and DI treatments was almost the double of that observed in FI, which received the double amount of water.
Fruit quality changed with irrigation treatments. When compared with NI, irrigation had no significant effect on berry total soluble solids (ºBrix) in both seasons and varieties, but led to a significant increase in the titratable acidity of the must in Castelão (Table 1 ). In Moscatel, the latter effect was only observed in FI in the year 2000. In Castelão, the red wine variety, irrigation induced a significant negative effect on the berry skin anthocyanins and phenol concentration. In both years, however, PRD plants presented the highest values of anthocyanins among the irrigated treatments, whereas in 2001 the phenol concentrations did not differ between PRD and NI plants. In the white variety Moscatel the effects of watering on phenols were negligible. Only in 2000 was a decline in phenols observed in DI and FI plants, with PRD maintaining values similar to NI plants.
Discussion
The present study was done in a region where moderate water stress is common and severe drought periods can occur. In this region grapevine irrigation is not yet a common practice but in the last ten years, as a consequence of very dry weather, the growers began to install conventional drip irrigation systems with the objectives of stabilising yield and wine quality from year to year. In the two years of our experiment the annual precipitation was close to the average for the period 1941-1998 (683 mm) and rainfall in the late spring was higher than the average. As a consequence, the non-irrigated vines were subjected only to a mild stress and the effect of irrigation was not of the magnitude expected in dry years. This abundance of soil moisture during the season resulting from the unusually high rainfall in the spring of both years is also reflected in the small differences observed in leaf water potential between FI and the two deficit irrigated treatments (PRD and DI) that received only 50% of the water given to FI (see Fig. 2 ).
Compared with standard conventional irrigation techniques, one important advantage of PRD is the better control of vegetative growth . Our data showed that among the irrigated treatments PRD vines had the lowest leaf area associated with lateral shoots, as already reported by Dry et al. (2001) , as well as the lowest leaf layer number, canopy wideness, percentage of water shoots and shoot weight. The differences between PRD values and FI were all statistically significant, whereas between PRD and DI this was true except for total leaf area. Although the restriction of growth in PRD might be partly a response to the fraction of water applied, and therefore with effects similar to DI, specific hormonal effects may explain results such as the decrease in water shoots. In fact, cytokinins are known to influence lateral branching and the application of the synthetic cytokinin benzyl adenine was shown to reverse the reduction in lateral shoot development observed under PRD treatment (Dry et al. 2001) . Differential effects of PRD and DI on stomatal conductance and transpiration observed in the same trial also support the hormonal mediated effects induced under PRD (de Souza et al. 2003) .
Another possible effect of PRD is the promotion of increased root growth in depth, as reported by Dry et al. (2000 Dry et al. ( , 2001 for the variety Riesling. In fact, a greater abundance of roots in deeper soil layers in PRD vines as compared with full-irrigated ones was found, although the total amount of roots did not vary. This would allow a thorough utilisation of water stored in the soil as the dry season progresses.
The reduction in vigour was observed in the two varieties studied, in spite of marked differences in vigour between them, Moscatel having a low potential shoot vigour (Dry and Loveys 1998) compared with Castelão, which possesses a high potential shoot vigour (Dias et al. 1990 ). This suggests a consistent effect of the PRD treatment, as was observed in experiments in Australia with a range of varieties (Dry et al. 2001) .
The control of vegetative growth in PRD induced an increase in bunch exposure as compared with FI vines, which can favour wine quality by the well-known effects of a better canopy microclimate and improved pest control on fruit composition (Smart and Robinson 1991; Dokoozlian and Kliewer 1996) .
The yield of Castelão, one of the most important Portuguese red-wine varieties, was much lower and more influenced by the year than Moscatel. Moreover, Castelão is a variety very sensitive to 'coulure' (Dias et al. 1990 ), a physiological disorder characterised by non-setting of fruit. The unfavourable temperature and humidity that occurred during the flowering period in the year 2000 was responsible for the very low yield observed in that year. As a consequence of the low fruit yield and a high investment on vegetative growth the ratio yield/pruning weight obtained in Castelão (1.3-3.8) was very low, i.e. below the values suggested by Bravdo et al. (1985) for a balanced vine. The opposite was observed in Moscatel with very high yield/pruning weight values (13.8-18.0) suggesting that the vines were over-cropped (Bravdo et al. 1985) . Indeed, in 2001, when the highest yield was obtained, total berry soluble solids did not reach the normal values for Moscatel variety at this region (ca 22º Brix), confirming an overcropping effect.
With the exception of the year 2000 in Moscatel, the yield differences between the FI and the other two irrigation treatments were not significant even though FI received twice as much water as PRD or DI. This means that berry growth was not affected by the very mild water stress observed under PRD and DI. This is explained by the fact that this mild stress was imposed during ripening, after the period where berry size is most sensitive to water stress (Williams and Matthews 1990; Santos 2000) . As a result of the 50% reduction in the amount of water applied, WUE (amount of fruit produced per unit of water applied) was increased by about 80% in PRD and DI treatments when compared with FI. These results, combined with the absence of important fruit quality differences between irrigation treatments, underline the interest of the deficit irrigation strategies to make more efficient use of limited supplies of water without affecting yield and wine quality.
Irrigation did not significantly affect berry sugar accumulation, results that contrast with those obtained by other authors who observed either an increase (Schultz 1996; Lopes et al. 2001) or a decrease (Pire and Ojeda 1999) in berry sugars induced by irrigation. This suggests that berries were a preferential sink for carbohydrates under very mild water deficits (as occurred in DI and PRD) and even in the moderate drought stress observed in NI vines in the two years of the experiment. Conversely, the titratable acidity of the must increased in irrigated plants, which is a common response to irrigation (Williams and Matthews 1990; Santos 2000) , an effect that can be considered beneficial for the wines of the region that usually present a lack of acidity.
In the red variety, Castelão, irrigation induced a significant reduction in total anthocyanins and phenols relatively to NI vines. This may be a consequence of the increased water supply for berry growth, which decreased the skin to flesh ratio, and of the indirect effects of the increase in canopy density and cluster shading (Williams and Matthews 1990; Van Leeuwen and Seguin 1994; Nadal and Arola 1987; Lopes et al. 2001) . In our experiment, because no differences in yield were observed, it seems that the main reason for the higher concentrations of total anthocyanins and phenols in NI as compared with the irrigated treatments was the better light microclimate measured at the cluster zone and the higher percentage of exposed clusters. Among the three irrigated treatments, the lowest reduction in skin anthocyanins and total phenols was observed in PRD vines, however the values were not always significantly different from those of DI.
In conclusion, our results from these two years of experiments showed that both PRD and DI irrigation strategies enabled the same reduction of water use, as compared with the fully irrigation treatment receiving the full replacement of crop evapotranspiration, with small or non-significant effects on yield. Although in our experiment PRD induced a marked reduction in vigour and slightly enhanced fruit quality in comparison with FI, differences from DI were not always statistically significant. This may not encourage the growers to substitute the conventional DI-type irrigation practices for the PRD, as installation costs are higher and the implementation is more difficult than that of DI. Nevertheless, the significant differences in canopy density and light microclimate at the cluster zone between PRD and DI, suggest that in years with low spring rainfall, PRD could provide better fruit quality than DI especially in red varieties. These results may be also important with the objectives of stabilising yield and wine quality from year to year.
